The principal neurons of the striatum, GABAergic medium spiny neurons (MSNs), are interconnected by local recurrent axon collateral synapses. Although critical to many striatal models, it is not clear whether these connections are random or whether they preferentially link functionally related groups of MSNs. 
Introduction
The principal neurons of the striatum are GABAergic medium spiny neurons (MSNs) (Kemp and Powell, 1971; Kitai, 1981; Chang and Kitai, 1985) . The axons of MSNs have collateral branches that form synapses on neighboring cells (Wilson and Groves, 1980; Somogyi et al., 1982; Bolam et al., 1983) . From a theoretical perspective, recurrent collateral connections are common features of neural network models, endowing them with computational and learning capacities (Churchill and Sejnowski, 1992) . Recent work has shown that MSN collaterals give rise to synapses that generate small but potentially important postsynaptic, GABA A receptor-mediated currents (Czubayko and Plenz, 2002; Tunstall et al., 2002; Koos et al., 2004; Taverna et al., 2004 Taverna et al., , 2005 Venance et al., 2004; Gustafson et al., 2006; Tecuapetla et al., 2007) .
A major factor in determining the network consequences of feedback inhibition is the rule by which different neuronal populations are linked. In both the dorsal and ventral striatum, the best-characterized subdivision that is likely to be of importance for recurrent collaterals is based on dopamine (DA) receptor expression. In the dorsal striatum, D 1 receptor expression is largely limited to MSNs having axonal projections to the substantia nigra, whereas D 2 receptors are expressed by MSNs projecting to the globus pallidus (Gerfen and Young, 1988; Surmeier and Kitai, 1994) . In the ventral striatum (or nucleus accumbens), there is a similar organization, with ventral tegmental area and ventral pallidum as the major targets of D 1 and D 2 MSNs, respectively (Lu et al., 1998) .
Studies to date have found little evidence for specificity in the connections between these MSN populations. Using immunoreactivity for substance P and enkephalin as surrogate markers of D 1 and D 2 receptor expression, respectively, anatomical studies have inferred that D 1 and D 2 MSNs are interconnected by collaterals (Bolam et al., 1983; Yung et al., 1996) . Although valuable, these approaches are not quantitative and do not provide a physiological measure of synaptic function. This level of measurement has been difficult to achieve, however, because it has required paired MSN recording and cellular phenotyping with demanding technologies such as single-cell reverse transcription (RT)-PCR (Tkatch et al., 2000) . The advent of transgenic mice in which D 1 and D 2 receptor-expressing MSNs are labeled with enhanced green fluorescent protein (EGFP) has made the phenotyping issue readily surmountable (Gong et al., 2003; Day et al., 2006) . Taking advantage of these mice, the studies reported here show that MSN recurrent collaterals are not randomly distributed. 
Materials and Methods
Slice preparation. Slices were obtained from FVB mice [postnatal day 16 (P16)-P31] in which bacterial artificial chromosome vectors (BACs) were used to genetically target expression of the EGFP gene under control of either the D 1 or D 2 receptor promoter (Gong et al., 2003) . All animals were handled in accord with Northwestern University Center for Comparative Medicine and National Institutes of Health guidelines. Animals were anesthetized with isoflurane and decapitated. The brains were quickly removed from the skull in ice-cold artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 25 glucose, pH 7.4 (bubbled with 95% O 2 and 5% CO 2 ). Parasagittal striatal slices (300 m thick) were cut using a vibratome (VT100; Leica) and stored in ACSF at 25-28°C. For recording, slices were transferred to a recording chamber continuously superfused with ACSF (1-2 ml/min at 30 -32°C). To block AMPA receptormediated currents, 5 M NBQX was added before the experiment.
Fluorescence imaging. EGFP was excited by an arc lamp (X-Cite 120; EXFO) attached to the epifluorescence port of an Axioscop FS plus microscope (Zeiss). Light was filtered by a 470/40ϫ bandpass filter and reflected by a Q495LP dichroic mirror (Chroma Technology). D 1 or D 2 MSNs were visually identified by EGFP fluorescence passed through an HQ525/50m bandpass filter. Mixed pairs made by one D 1 and one D 2 cell were recorded after visually selecting one fluorescent and one nonfluorescent cell in slices from BAC D 2 mice. Previous experiments using single-cell PCR have shown that MSN EGFP expression in the D 1 /D 2 BAC transgenic mice is tightly linked to the expected expression of D 1 or D 2 receptor mRNAs, as well as the associated peptide mRNAs Wang et al., 2006) . Nonfluorescent MSNs consistently were of the complementary phenotype in single-cell RT-PCR experiments. The strength of EGFP expression was greater in D 2 BAC mice, making the task of identifying negative neurons easier. As a consequence, these mice, rather than D 1 BAC mice, were used for mixed-pair recordings.
Electrophysiology. Recordings were made from both the ventral and dorsal striatum. These two samples were approximately equal in number. There were no apparent differences in the connectivity of MSNs or in synaptic properties in these two regions, so data were pooled. MSNs sampled were 25-100 m from the surface of the slice to facilitate paired recordings. Pairs always had cell bodies that were similar in depth (near the same focal plane) in an attempt to minimize the probability that the local axon collateral of one or the other cell was cut. After choosing a given pair of cells (lateral distance between somata, Յ50 m), the microscope illumination was switched to differential interference contrast mode, and simultaneous dual whole-cell recordings were performed in both current-and voltage-clamp configurations (holding potential, Ϫ80 mV). Signals were sampled at 10 kHz, filtered at 2 kHz, and acquired using a MultiClamp 700A amplifier and pClamp 10 software (Molecular Devices). Recording pipettes (3-5 M⍀ in bath) contained the following solution (in mM): 30 KH 2 PO 4 , 100 KCl, 10 NaCl, 2 MgCl 2 , 0.5 EGTA, 10 HEPES, 2 Na 2 -ATP, 0.03 Na-GTP, and 8 biocytin (pH 7.2, adjusted with KOH). Because the reversal potential for Cl Ϫ ions was Ϫ4 mV with this solution, GABAergic currents recorded at Ϫ80 mV were inward. Series resistance was partially compensated (20 -40%).
Synaptic connections were first detected in current-clamp mode by stimulating one cell through injection of a rectangular depolarizing current step (100 -300 pA, 1 s) and observing the occurrence in the other cell of depolarizing postsynaptic potentials (dPSPs) that were time locked with presynaptic action potentials. The protocol was also repeated in reversed order. In voltage-clamp mode, unitary IPSCs were recorded in response to individual action potentials elicited by brief suprathreshold current steps (10 ms, 500 -600 pA). Series and input resistance were constantly monitored by detecting the stability of current responses to brief voltage pulses (Ϫ10 mV, 100 ms). Cells that displayed unstable series and input resistance and/or changes in leak were discarded. Failures were defined as postsynaptic responses that, in a 20 ms time window after the action potential peak, were smaller than three times the SD of the baseline noise average.
Nonstationary noise analysis.
IPSCs selected for the analysis had a smooth, fast rising phase (Ͻ1 ms) and exponential decay phase. For each MSN pair, were aligned to the midpoint of the rising phase and averaged. The mean IPSC was scaled to the peak of each trace, and difference currents were computed; these difference currents were then used to estimate current variance during the decay phase of the IPSC. Plots of current variance as a function of mean IPSC current were well fit with the following parabolic equation: y ϭ iI Ϫ I 2 /N ϩ B , where i is the single-channel current, I is the mean macroscopic current, N is the number of receptors open at the peak of the IPSC, and B is the baseline variance (Sigworth, 1980; De Koninck and Mody, 1997; Traynelis and Jaramillo, 1998) . The single-channel conductance was calculated by dividing i by the driving force for Cl Ϫ ions (76 mV in our experimental conditions).
Reserpine treatment. FVB mice (D 1 or D 2 BACs, P18 -P21) were injected with reserpine (5 mg/kg, dissolved in PBS added with 0.5% glacial acetic acid) intraperitoneally for 4 successive days. Each mouse received 1 injection/d. By the second day, animals displayed typical parkinsonianlike symptoms induced by reserpine (bradykinesia, posture stiffness, and tremor). Manual feeding was performed after the first day of treatment. Control animals were injected with an equal amount of dissolving solution (vehicle). Control and reserpine-treated animals were killed 18 -24 h after the last injection.
6-OHDA lesions. FVB mice (D 1 or D 2 BACs, P20) were anesthetized with a mixture of ketamine (50 mg/kg, i.p.) and xylazine (4.5 mg/kg, i.p.). Thirty minutes before 6-OHDA injection, animals were injected intraperitoneally with desipramine (25 mg/kg) dissolved in 0.9% NaCl. After immobilization on a stereotaxic frame (model 940; David Kopf Instruments) with a Cunningham adaptor (Harvard Apparatus), a hole was drilled (ϳ1 mm diameter) at 0.7 mm posterior and 1.1 mm lateral to bregma for injection into the medial forebrain bundle.
Each animal received a unilateral injection of 1 l of 6-OHDA (3 g/l in 0.9% sterile NaCl ϩ 0.02% ascorbic acid) into the left medial forebrain bundle (4.8 mm below the dura) (Paxinos and Franklin, 2001 ). 6-OHDA injections were made over a 30 min period using a calibrated glass micropipette (2-000-00; Drummond Scientific). At the end of each injection, the micropipette was left in place for an additional 15 min to maximize tissue retention of the solution, and was then withdrawn slowly to prevent reflux. Animals were killed 6 -7 d after surgery for electrophysiological study.
Histochemistry. Slices were fixed in 4% paraformaldehyde for 1 h at room temperature. After rinsing in PBS, slices were incubated with NeutrAvidin-Texas Red conjugate (1-2 mg/ml; Invitrogen) for 3 h at room temperature. After rinse in PBS, slices were mounted with Vectashield (Vector Laboratories) and viewed under a Nikon Eclipse 800 microscope (Nikon Instech). Images were acquired using a Nikon PCM 2000 laserscanning confocal microscope and processed with Adobe Photoshop CS2 (Adobe Systems) to adjust contrast and brightness.
All drugs were obtained from Sigma except NBQX (Tocris). Data were analyzed using Clampfit 9 (Molecular Devices), Origin 6 (Microcal) and IgorPro (WaveMetrics). Nonstationary noise analysis was performed by using WinWCP 3.8.1 (kindly provided by Dr. J. Dempster, University of Strathclyde, Glasgow, UK). For statistical analysis, the Mann-Whitney rank sum test was used for small samples (n Ͻ10) and the Student's t test for larger samples (SigmaStat; Systat Software). Connectivity rates were analyzed with a 2 test. Results are given as medians or means Ϯ SEM.
Results

Identification of D 1 and D 2 MSNs
In tissue slices from BAC mice, fluorescent striatal neurons were selected for analysis when they displayed typical anatomical and electrophysiological features of MSNs (Wilson, 1993) (Fig. 2 B) . Overall, the rate of connectivity was significantly higher in pairs in which the presynaptic cell was a D 2 MSN, rather than a D 1 MSN (27 of 86 vs 8 of 66; p Ͻ 0.05, 2 test; note that the sum of these samples is Ͼ105 because mixed pairs were counted in each group). We did not notice a gross variation across different preparations. A different percentage of pair connectivity could be detected from day to day, but this would not substantially deviate from the average.
In addition to coupling probability, the apparent strength of the synaptic connection between MSNs was dependent on cell type. The GABAergic dPSPs evoked by driving the presynaptic MSN with intrasomatic current varied considerably between different pairs. To quantify the synaptic responses in current-clamp recordings, the dPSPs evoked by presynaptic spiking were integrated. To correct for variation in the presynaptic spike rate (16 -42 Hz), the integral was normalized by the number of spikes in the presynaptic train. When the presynaptic cell was a D 2 MSN, the postsynaptic responses were consistently larger than when a D 1 MSN was the presynaptic cell ( Fig. 2 A, B) . The median area was 117 mV ⅐ ms/spike for D 2 MSN pairs (n ϭ 8) and 223 mV ⅐ ms/spike for D 2 MSN/D 1 MSN pairs (n ϭ 8). In contrast, the median area of the synaptic response between D 1 MSN pairs was only 55 mV ⅐ ms/spike (n ϭ 8). This value was significantly different from that of D 2 -D 2 pairs ( p Ͻ 0.05, Mann-Whitney rank sum test). In those rare cases when a D 1 MSN made a synaptic connection with a D 2 MSN, the median area was also small (78 mV ⅐ ms/spike; n ϭ 3). Overall, there was a significant difference between the median pooled areas calculated in pairs with a presynaptic D 1 MSN versus pairs with a presynaptic D 2 MSN (59 mV ⅐ ms/spike and 129 mV ⅐ ms/spike, respectively; p Ͻ 0.05, MannWhitney rank sum test) (Fig. 2 B) .
GABAergic D 2 MSN IPSCs are larger than those of D 1 MSNs
To better characterize the synaptic connections, unitary IPSCs were studied by triggering a single action potential in the presynaptic neuron while holding the somatic membrane potential of the postsynaptic neuron at Ϫ80 mV (Fig. 2 A) pA; n ϭ 8; Ϫ107 pA; n ϭ 3; Ϫ133; n ϭ 7; and Ϫ107 pA; n ϭ 10, respectively; p Ͻ 0.05, Mann-Whitney rank sum test). In contrast, IPSC rise times, decay time constants, and failure rates were not significantly correlated with cell type (Fig. 2C) .
In principle, the variation in IPSC size could be attributable to differences in the number of postsynaptic GABA A receptors activated or the conductance of the receptors. To address this issue, nonstationary noise analysis of IPSCs was performed (Fig. 3) . Given the small sample size, we did not include the D 1 -D 2 pairs in this analysis. The estimated single-channel conductance was similar for all groups (medians, D 1 MSN pairs, 23 pS; n ϭ 6; D 2 MSN pairs, 24 pS; n ϭ 7; D 2 MSN to D 1 MSN pairs, 24 pS; n ϭ 6; p Ͼ 0.05, Mann-Whitney rank sum test). However, the estimated number of postsynaptic receptors ( N) was significantly smaller at synapses formed between D 1 MSNs (36; n ϭ 6) than at synapses formed either between D 2 MSNs (74; n ϭ 7) or at synapses of D 2 MSNs formed on D 1 MSNs (77; n ϭ 6; p Ͻ 0.05, Mann-Whitney rank sum test). These results clearly suggest that the relative strength of GABAergic synapses formed by D 2 MSNs onto either D 2 or D 1 MSNs is attributable to receptor number, not to differences in receptor conductance.
To further characterize the differences between these synapses, vesicular release probability was elevated by increasing the Ca 2ϩ /Mg 2ϩ concentration ratio in the extracellular space (Silver et al., 1996) . In 3 mM Ca 2ϩ /0.5 mM Mg 2ϩ , the median D 2 -D 2 IPSC peak amplitude was Ϫ172 pA (n ϭ 5), 61% larger than in 2 mM Ca 2ϩ /1 mM Mg 2ϩ (Ϫ107 pA; n ϭ 8; p Ͻ 0.05, Mann-Whit- ney rank sum test) (Fig. 4) . Elevating Ca 2ϩ also reduced the failure rate by 35% (medians, 55% in 2 mM Ca 2ϩ vs 36% in 3 mM Ca 2ϩ ; p Ͻ 0.05) and the coefficient of variation (CV) by 43% (0.41 in 2 mM Ca 2ϩ vs 0.23 in 3 mM Ca 2ϩ ; p Ͻ 0.05) (Fig. 4) . Elevating Ca 2ϩ also decreased the IPSC rise time (10 -90%) by 43% (from 0.7 ms in 2 mM Ca 2ϩ to 0.4 ms in 3 mM Ca 2ϩ ; p Ͻ 0.05), whereas the decay time constant was similar in the two conditions (12 vs 9 ms; p Ͼ 0.05). These results suggest that receptors at D 2 MSN synapses are not saturated normally and that increasing GABA release activates more receptors in D 2 -D 2 MSN pairs. Indeed, nonstationary noise analysis suggested that the number of activated receptors in 3 mM Ca 2ϩ was 35% more than in 2 mM Ca 2ϩ (medians, 105; n ϭ 4; 78; n ϭ 7; p Ͻ 0.05). Conversely, the median unitary conductance was not significantly different in the two conditions (24 pS vs 26 pS; p Ͼ 0.05) (Fig. 4) .
Interestingly, D 1 -D 1 MSN synapses were not significantly affected by elevating GABA release probability. The median peak IPSC amplitude in 3 mM Ca 2ϩ was Ϫ83 pA (n ϭ 4), not significantly different from that found in control condition (Ϫ42 pA; n ϭ 8; p Ͼ 0.1) (Fig. 4) . Similarly, the failure rate was not significantly reduced (control, 69%; 3 mM Ca 2ϩ , 63%; p Ͼ 0.1), nor was the CV (control, 0.35; 3 mM Ca 2ϩ , 0.37; p Ͼ 0.1). Last, neither the number of open receptors (control, 38; 3 mM Ca 2ϩ , 42; p Ͼ 0.1), nor the single-channel conductance (control, 23 pS; 3 mM Ca 2ϩ , 21 pS; p Ͼ 0.1) was changed by elevating extracellular Ca 2ϩ concentration and release probability.
Together, these data suggest that the synapses formed by D 1 MSNs are characterized by a relatively small number of receptors, which tend to be saturated under normal conditions of neurotransmitter release. Conversely, synapses between D 2 MSNs have larger number of receptors that are not normally saturated.
Diminished collateral connectivity in models of PD
In animal models of PD, the synaptic connectivity of MSNs changes in parallel with alterations in intrinsic excitability . In addition, there are profound alterations in the activity of nuclei controlled by MSNs (Bevan et al., 2002) , suggesting that alterations in the pattern or synchrony of MSN spiking could be of importance to the emergence of pathophysiology. One obvious way in which correlated activity could be controlled in the striatum is through recurrent collateral connections. To explore the possibility that these connections are altered in PD, MSN pairs were examined after depleting striatal dopamine in one of two ways.
The first strategy used was to administer reserpine for 4 successive days to deplete vesicular DA stores (Carlsson et al., 1957) . This regimen renders animals parkinsonian and produces a profound loss of spines in striatopallidal D 2 MSNs . D 1 -D 1 , D 2 -D 1 , and D 2 -D 2 MSN pairs were then examined in dorsal striatal slices from these animals. In D 2 -D 2 MSN pairs (Fig. 5 ), connections were less frequently detected after DA depletion (28%; n ϭ 5 of 18) than in saline-injected controls (44%; n ϭ 4 of 9). Second, the average IPSC amplitude was significantly smaller (vehicle control, Ϫ80 pA; n ϭ 4; reserpine, Ϫ23 pA; n ϭ 5; p Ͻ 0.05). Third, the failure rate rose after reserpine treatment (vehicle controls, 56%; n ϭ 4; reserpine, 82%; n ϭ 5; p Ͻ 0.05). Last, a train of presynaptic action potentials elicited only intermittent, small-amplitude dPSPs (control area, 143 mV ⅐ ms; n ϭ 4; reserpine area, 9 mV ⅐ ms; n ϭ 5; p Ͻ 0.05) (Fig. 5B) . Conversely, IPSC kinetics were not altered by reserpine treatment (vehicle control, 10 -90%; rise time, 1 ms; n ϭ 4; reserpine, 1 Ϯ 0.3 ms; n ϭ 4; p Ͼ 0.1; decay time constant, vehicle controls, 11 ms; n ϭ 4; reserpine, 9 ms; n ϭ 4; p Ͼ 0.1, Mann-Whitney rank sum test). In recordings from D 1 -D 1 MSNs pairs, no connections were detected after reserpine treatment (n ϭ 8) (Fig. 6 A) . Repetitive stimulation of the presynaptic MSN failed to uncover any functional connection (Fig. 6 B) . On the other hand, connectivity was intact in vehicle-treated controls (43%; n ϭ 3 of 7). Similarly, in recordings from D 2 -D 1 MSN pairs after reserpine treatment, a synaptic connection was found in only one of 10 pairs (data not shown). This lack of connectivity precluded statistical analysis, but in this one pair the median unitary IPSC amplitude was small (Ϫ50 pA), and the failure rate was high (83%), corroborating the conclusion that DA depletion attenuates collateral GABAergic synaptic connections.
Finally, short-term reserpine treatment did not induce major changes in intrinsic properties (firing pattern, input resistance, and resting membrane potential) of either D 1 or D 2 MSNs (data not shown).
Although reserpine treatment reliably reduces dopaminergic synaptic transmission, it also depletes other monoamines, raising the possibility that the effects on connectivity are not solely dependent on DA depletion. Therefore, paired recordings also were made from mice unilaterally lesioned by a 6-OHDA injection into the medial forebrain bundle. One week after lesioning, mice were subjected to a limb asymmetry test to confirm the magnitude of the depletion before proceeding to electrophysiological study. Lesions induced a clear asymmetry in both turning behavior (26 ipsiversive vs 1 contraversive turns; n ϭ 8 mice; p Ͻ 0.05, Mann-Whitney rank sum test) and paw lifting (25 ipsilateral vs 1 contralateral; n ϭ 8 mice; p Ͻ 0.05, Mann-Whitney rank sum test), suggesting that lesions of the dopaminergic innervation of the ipsilateral striatum were near complete (Schwarting and Huston, 1996) . Histological analysis of a subset of the striata from these mice confirmed the almost complete loss of tyrosine hydroxylase staining in mice displaying this level of behavioral impairment (data not shown).
As with reserpine treatment, 6-OHDA lesions dramatically reduced detectable GABAergic connections between MSNs (Fig.  7) . IPSCs were detected in only 18% of D 2 -D 2 pairs (3 of 17). In these few connected pairs, the number of IPSC failures was significantly higher than in intact animals (medians, 6-OHDA, 88%; unlesioned, 54%; n ϭ 3 and 10, respectively; p Ͻ 0.05, Mann-Whitney rank sum test). The median area under the dPSP trace during a train of presynaptic action potentials was 2 mV ⅐ ms/spike in 6-OHDA (n ϭ 3), significantly less than the area in the unlesioned condition (117 mV ⅐ ms/spike; n ϭ 10; p Ͻ 0.05, Mann-Whitney rank sum test). Although the median IPSC amplitude was smaller in connected pairs from 6-OHDA-lesioned animals (Ϫ67 pA; n ϭ 3; unlesioned median, Ϫ107 pA; n ϭ 10), the small sample size precluded a reliable statistical analysis. Median rise time and decay time constant were not significantly different in the two conditions (rise time, 6-OHDA, 1 ms; unlesioned, 0.8 ms; p Ͼ 0.1; decay time constant, 6-OHDA, 10 ms; unlesioned, 13 ms; p Ͼ 0.1, Mann-Whitney rank sum test). The proportion of D 2 -D 1 pairs having detectable connections after 6-OHDA lesions (3 of 12, 25%) was similar to that found in control conditions (13 of 47, 27%) (Fig. 7) . However, unitary IPSC median amplitude, percentage of failures, and normalized dPSP area were significantly different from control (Ϫ33 vs Ϫ133 pA; 86 vs 29%; 31 vs 223 mV ⅐ ms/spike, respectively; p Ͻ 0.05, Mann-Whitney rank sum test). Last, as after reserpine treatment, no functional connections (0 of 7 pairs) were found between D 1 -D 1 MSNs after 6-OHDA lesions (Fig. 7) .
Together, these data show that depletion of striatal DA, induced either by reserpine or by 6-OHDA lesioning of DA fibers, causes a profound impairment of functional GABAergic connectivity between both D 1 and D 2 MSNs.
Discussion
Using paired patch-clamp recordings from neighboring MSNs in brain slices, several groups have shown that MSNs are coupled by recurrent collaterals (Czubayko and Plenz, 2002; Tunstall et al., 2002; Koos et al., 2004; Taverna et al., 2004; Venance et al., 2004; Gustafson et al., 2006; Tecuapetla et al., 2007) . Our studies have extended these results, providing evidence for three novel conclusions. First, the synapses formed by recurrent collateral axons of 
MSNs are not randomly coupled
The evidence for differential coupling of MSNs is based on recordings from neurons expressing an EGFP reporter construct for D 1 and D 2 receptors (Gong et al., 2003) . Previous work by our group has verified that neurons identified in this way have the appropriate gene expression profile, as well as typical anatomical and physiological features of MSNs (Shen et al., 2005; Day et al., 2006) . Although the estimate of connectivity between D 2 MSNs and between D 1 MSNs relied on detection of a positive phenotypic marker, our estimates of connectivity between D 2 and D 1 MSNs relied on recording from an MSN that appeared not to express EGFP in BAC D 2 tissue. Mixed pairs always had somata at the same depth, to minimize the chance of a false-negative identification attributable to tissue attenuation of the fluorescence of cells lying deeper in the slice. This strategy consistently yielded pairs in which the fluorescent D 2 MSN was presynaptic to an unlabeled, presumptive D 1 MSN. Because the cell bodies of recorded pairs were always near the same depth in the slice, the low D 1 3 D 2 MSN connectivity is not likely to have been a consequence of one cell's axon being systematically cut unless the axon collaterals of D 1 MSNs tend to target MSNs further away from the parent cell body than do D 2 MSNs; in the slice, this might give the appearance of an asymmetry in connectivity of the sort we observed. However, there is no evidence of this kind. Furthermore, if some or most nonfluorescent cells were actually D 2 MSNs, we would have probably detected more connections in the opposite direction (nonfluorescent3fluorescent), because unidirectional D 2 -D 2 connected pairs were encountered in 36% of cases. Another possibility is that the weakness of synaptic connections formed by D 1 MSNs led to an underestimate of their connectivity rates; although this is certainly possible, it does not change the core conclusion that the functional connectivity of this group is weak. As a consequence, the most parsimonious interpretation of our results is that the interaction between these two projection systems relies almost entirely on collateral projections from D 2 MSNs to D 1 MSNs. It is tempting to speculate that the deviation from strict segregation of the recurrent collaterals might be linked to the collateralization of striatonigral axons into the globus pallidus external segment (GPe) (Kawaguchi et al., 1989) , providing a way in which MSNs influencing GPe neurons can communicate with one another. Another possibility is that D 1 MSNs are connected to D 2 MSNs, but synapses are located exclusively in remote dendritic sites.
Finally, in contrast to some studies (Czubayko and Plenz, 2002; Venance et al., 2004) but in agreement with others (Koos et al., 2004; Taverna et al., 2004; Tecuapetla et al., 2007) , we found no evidence of electrotonic coupling. In part, this discrepancy could be attributable to a developmental downregulation of gap junctions and our reliance on older mice. those seen in D 2 MSN pairs. Furthermore, with repetitive presynaptic spiking, the integrated postsynaptic response was nearly three times larger in D 2 MSN pairs than in D 1 MSN pairs. Nonstationary noise analysis suggested that there were no differences in the conductance of GABA A receptors in the two cell types. In all pairs, median conductance estimates were 23-24 pS. This range is similar to that seen using the same analysis in neurons from other regions of the brain, including hippocampus (De Koninck and Mody, 1997), cerebellum (Nusser et al., 1997) , and neocortex (Kilman et al., 2002) . These estimates also are consistent with single-channel recording studies in striatal MSNs (Ade et al., 2008) , heterologous expression systems (Verdoorn et al., 1990; Angelotti and Macdonald, 1993; Lavoie et al., 1997) , and cultured hippocampal neurons (Eghbali et al., 1997) .
Although there were no differences in receptor conductance, there were significant differences in the apparent receptor numbers at D 2 and D 1 MSN synapses. This seems to explain the difference in the median IPSC peak amplitude, whereas the similarity of rise time and decay time constant between the two groups excludes an effect of passive cable properties. That said, it is important to stress that our analysis was restricted to IPSCs with fast rise times (Ͻ1 ms) and that more distal synapses might have different properties. Moreover, because nonstationary noise analysis was performed with IPSCs evoked by direct stimulation of presynaptic MSNs, we cannot draw firm conclusions about the number of functional synapses, the number of release sites, or whether there was multivesicular release. Answering these questions will require electron microscopic analysis of the synaptic connections between MSNs (Biro et al., 2006) .
Collateral inhibition is attenuated in PD models
In two animal models of PD, the synaptic connections between both D 1 and D 2 MSNs were dramatically attenuated. Based on the dissociation between the change in IPSC amplitude and failure rates at D 2 MSN synapses, the downregulation in these connections appeared largely attributable to reduced GABA release. This was not expected. Anatomical studies of 6-OHDAlesioned rats revealed that striatal expression of GAD (glutamate decarboxylase), the synthetic enzyme for GABA, rises (Soghomonian and Laprade, 1997) . Moreover, the terminals of striatopallidal D 2 MSNs in the GPe and the striatum are enlarged, in parallel with an increased expression of the releasable peptide enkephalin (Ingham et al., 1991 (Ingham et al., , 1997 . These changes have been assumed to reflect increased, rather than decreased, GABA release.
Clearly, our results suggest otherwise. An important question is whether GABA release at striatopallidal synapses is affected in the same way as intrastriatal collaterals. Preliminary experiments suggest that GABA release at these synapses is not depressed, implicating intrastriatal regulatory mechanisms. Interestingly, microdialysis studies suggested that depolarization-induced release of GABA in rats striatum increases after DA depletion (Lindefors et al., 1989; Campbell et al., 1993; Abarca and Bustos, 1999) . In light of our results, the most parsimonious interpretation of these findings is that they are detecting primarily GABA released from interneurons. In accord with this hypothesis, the frequency of spontaneous IPSCs in our MSN recordings from depleted tissue was relatively normal. Recent work by Mallet et al. (2006) also is consistent with the proposition that feedforward GABAergic signaling through fastspiking interneurons is intact after DA-depleting lesions. Testing this hypothesis will require paired recordings from fast-spiking interneurons and MSNs in PD models.
Regardless of how parent axon terminal function is altered by DA depletion, the attenuation of collateral feedback inhibition among MSNs could have significant effects on striatal processing of excitatory input. In sensory pathways, recurrent collateral inhibition serves to sharpen receptive fields (Churchill and Sejnowski, 1992) . Something similar could be happening in the striatum, where recurrent collaterals have been hypothesized to shape the neuronal ensembles recruited by cortical motor commands (Mink, 1996; Beiser and Houk, 1998; Redgrave et al., 1999) . One potential manifestation of this impaired shaping of striatal activity is the enlargement of receptive fields in GP neurons of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned primates (Filion et al., 1988; Boraud et al., 2000) . Another potential consequence of attenuated recurrent collateral connections is diminished network control of synaptic plasticity. It has been hypothesized that one of the functions of dendritically placed recurrent collateral synapses is the regulation of backpropagating action potentials (bAPs) in MSNs (Plenz, 2003) . In other brain neurons, bAPs are thought to be essential to naturally occurring forms of activity-dependent synaptic plasticity (Abbott and Nelson, 2000; Dan and Poo, 2004) . The attenuation of shunting GABAergic synaptic activity could lead to enhanced bAP invasion of MSN dendritic trees and inappropriate alterations in the strength of glutamatergic synaptic connections. This alteration could be particularly important in D 2 MSNs, whose excitability is elevated by DA depletion Mallet et al., 2006; Shen et al., 2007) .
In conclusion, this study shows that recurrent collateral connections among MSNs are not random but rather follow specific rules. In addition, synapses formed by D 2 MSNs are significantly more potent than those formed by D 1 MSNs. Last, recurrent collateral connections between MSNs are dramatically downregulated in models of PD, revealing an unappreciated alteration in striatal connectivity. 
